We used three yeast genetic systems to investigate the estrogen-like activity of octylphenol (OP) of estradiol and OP (1 pM) or BPA (1 PM) neither blocked nor altered the effiect of estradiol on hER activity. We observed no agonistic activity of o,p'-DDE in any of the yeast models used. These results suggest that OP, BPA, and o,p'-DDT exert their estrogen-like activity through the ER in a manner similar to that of estradiol, and the coactivator RIP140 markedly potentiates this activity.
bttp.//e/epnetl.nies.nih.gov/docs/2000/108p97-103sheelerlabstraa.html Environmental estrogens are man-made chemicals that possess estrogen-like biologic activity. Some of these compounds, also called xenoestrogens, are associated with reproductive failure, abnormal feminization or masculinization, and altered immune function in wildlife (1) . Many widely distributed xenoestrogens are industrial by-products. Octylphenol (OP), a nonionic surfactant, increases uterine weight in rats (X) and stimulates human breast cancer cell proliferation, trout vitellogenin gene expression, and other estrogen receptor-dependent gene transcription (3) . o,p'-DDT and o,p'-DDE are components of commercial DDT that exhibit estrogen-like activity. o,p'-DDT can increase the weight, glycogen, water, and RNA content of mammalian and avian reproductive tracts (4) . Furthermore, o,p'-DDT and o,p'-DDE have been reported to induce blastocyst implantation and maintain pregnancy in rats (5) . Bisphenol A (BPA) is used in the manufacturing of polycarbonate and has been shown to bind to the estrogen receptor (ER), stimulate MCF-7 cell proliferation, and increase the expression of progesterone receptor (6) . The majority of xenoestrogens are structurally distinct from estrogen, making it difficult to determine whether a compound is estrogenic on the basis of its chemical structure alone.
ER, a member of the ligand-dependent nuclear receptor superfamily of transcription factors (7) , mediates the effects of estrogen. Estrogen enters the cell and binds to the ER, resulting in receptor dimerization. The dimer then binds to specific DNA sequences termed estrogen response elements (EREs) in the promoter region of ER-responsive genes. Once bound to the ERE, the ER influences gene expression through interactions with basal transcription factors. In conjunction with the basal transcription machinery, the ER associates with a group of novel nudear proteins, co-modulators, to enhance (8) (9) (10) (11) or suppress (12) transcriptional activity. One such co-modulator, receptor interacting protein 140 (RIP140), has been demonstrated to interact directly with the ER hormone-binding domain in the presence of estrogen and to amplify ER-dependent transcriptional activity (13) (14) (15) . Recently, RIP140 has been shown to interact with other nuclear receptors and regulate gene expression (14, 16, 17) . The complexing of receptor-interactive proteins with the ER serves as an additional level of selectivity and responsiveness in the regulation of estrogen-dependent gene expression.
The mechanism through which environmental estrogens exert their estrogen-like activity is unknown. We used three yeast genetic systems to determine whether several environmental estrogens affect transcriptional activation of human ER (hER). Also, it is unclear whether xenoestrogen-induced ER transactivation could also be influenced by the coactivator RIP140. Our data suggest that the estrogen-like activity of several environmental estrogens is mediated via the estrogen receptor, and that this activity is enhanced by RIP140. In addition, our binding data suggest that OP and BPA interact with the receptor through the ligand-binding site.
Materials and Methods
Materials. 4-tert-Octylphenol (OP) and bisphenol A (BPA) were purchased from Aldrich Chemical Co., Inc. (Milwaukee, WI). URA3::GAL1-lacZ lys2-801amber his3-A200 trpl-A63/eu2ade2-1Olchre) was used to measure ligand-dependent hER dimerization (18) . The PCY2 yeast strain carries a genomic copy of the GAL4 binding site upstream of a lacZ reporter. Induction of hER-dependent transcriptional activity was measured in the yeast strain RS188N (MATa ade2-1 his3-1 leu2-1 112 trpl-1 ura3-1) (19) . Transformation of yeast with plasmid DNA was done using the lithium acetate method (20) . Transformed yeast colonies were selected by culture on synthetic medium lacking uracil, tryptophan, and/or leucine.
cDNA and constructs. Construction of GAL4-hER fusion vectors involved cloning the full-length hER cDNA into the pPC62 (GAL4-DB) and pPC86 (GAL4-TA) fusion vectors, as previously described (20) . hER cDNA, placed in the SaA site of pCMV-5, was digested with Sat and subdoned into the pBluescript II K+ at the Sat site such that its transcription was dependent on T7 polymerase (T7-hER). T7-hER was amplified with T3 primer and an oligonucleotide (5'-GGG GAT CGT CGA CTC GGT CTG CA-3'). This construct was designed to keep the correct reading frame intact in the GAL4-hER vector. The polymerase chain reaction (PCR) product was directly cloned into GAL4-DB and GAL4-TA at the Sai site such that, when expressed, the N-terminal end of the hER would be fused to the C-terminal end of DB and TA. GAL4-DB-hER and GAL4-TA-hER fusion cDNA were sequenced to confirm the correct reading frame before transforming yeast (18, 20) . The functionality of GAL4 requires that the DB and the TA domains be juxtaposed. To exploit the use of these domains, we cloned hER into separate expression vectors (pPC62 and pPC86) such that hER was expressed as a fusion protein with DB and with TA. The two fusion plasmids were cotransformed into the PCY2 yeast strain.
The strategy behind these genetic manipulations was to design a recording system that could be used to quantitate hER dimerization. If ligand-dependent hER dimerization occurred, DB and TA fusion proteins would be brought in close proximity, reconstituting GAL4 activity. The reconstituted GAL4 increases ,B-galactosidase synthesis via the expression of a lacZ reporter gene that is driven by the GALl promoter. Thus, the production of I-galactosidase confirms the ability of estrogenic ligands to induce hER dimerization.
Transactivation assay. We assessed the ability of environmental estrogens to promote transcriptional activity of hER in a genetically manipulated RS 188N yeast strain. RS1 88N yeast was cotransformed with YEpE12, YEpE2, and an empty pPC62 vector (see "cDNA and Constructs") yielding an EREdependent yeast strain. We used ,B-galactosidase activity to quantitate hER-dependent gene transcription. We also used the yeast strain RS188N to determine the influence of RIP140 on xenoestrogen-induced ER transcription activity by cotransforming the yeast with YEpE12, YEpE2, and RIP14O cDNA in pPC62. (20) . The concentration of each ligand that gave 50% of its maximal ,B-galactosidase activity (EC50) was determined by fitting the data to a four parameter logistic function, and analyzed by SigmaPlot software (SPSS Inc., Chicago, IL).
Receptor (nM) .r (19) . Estradiol initiated lacZ production at 100 pM, with maximal induction reached at 10 nM. The EC50 value of estradiol was 1.02 ± 0.31 nM. OP, BPA, and o,p'-DDT also stimulated hER-dependent gene transcription (Figure 2 Figure 5 to Figure 2 ). We observed a copper-dependent increase in ERE-lacZ activity in RS188N yeast (data not shown). The EC50 values for estradiol were 0.71 ± 0.07 nM in the absence of copper and 1.02 ± 0.31 nM in the presence of copper. In the absence of exogenous copper, estradiolinduced levels of f3-galactosidase were 6-8 RRU, as compared to 100-150 RRU in the presence of copper. In the absence of added copper, EC50 values for OP ( Figure 5A ) and BPA ( Figure 5B) were similar, as were their values in the presence of copper (compare Figure 5 to Figure 2 Figure 5 ). RIP140 amplifies xenoestrogen-induced hER activity. Because xenoestrogens show weak estrogenic activity, we sought to determine if nuclear receptor coactivators would influence ER-mediated transcriptional activity of hER. We chose to determine the effect of RIP140 on xenoestrogen-induced EREdependent gene transcription. RIP140 has been shown to interact with the ER in the presence of estradiol, increasing ERE-dependent gene transcription (13, 15 (14) . Therefore, yeast are ideal for studying the effect co-modulators might have on nuclear receptor-mediated transcription. As mentioned above, the EREdependent yeast expressing RIP140 were grown in medium without added copper.
When RIP140 was coexpressed with hER, the maximum [-galactosidase activity stimulated by estradiol was increased approximately 100-fold over yeast without RIP140 (compare Figure 5 to Figure 6 ). To investigate if RIP140 could affect xenoestrogen-induced hER transactivation, we repeated the experiment using OP, BPA, and o,p'-DDT. As 
Discussion
The objective of this study was to characterize the mechanism by which several manmade nonsteroidal compounds emulate estrogen in vivo. Using three yeast genetic systems, we demonstrated that the xenoestrogens OP, BPA, and o,p'-DDT exert their estrogen-like activity through the ER.
In the yeast two-hybrid system, all three compounds were able to induce ,B-galactosidase activity. This required dimerization of the two hER fusion proteins to reconstitute the GAL4 DNA binding protein. These results support the hypothesis that ER dimer formation is ligand dependent (20, 23 (36) .
The concentrations of the xenoestrogens required to elicit a response in the yeast genetic systems appear to be difficult to achieve in vivo. However, several reports suggest circumstances under which the local concentrations of xenoestrogens could be increased. Many xenoestrogens are hydrophobic and can accumulate in fatty tissue, reaching physiologically relevant concentrations (37) . Therefore, adipose tissue might serve as a xenoestrogen reservoir from which xenoestrogens could be released in concentrations sufficient to stimulate the ER (37) . In addition, data suggest that environmental estrogens may not be bound to serum proteins as effectively as estradiol, thus increasing their bioavailibility and relative concentrations (28, 31, 38, 39) . Xenoestrogens could have a much greater effect on ER-dependent gene transcription than originally thought in the presence of coactivators such as RIP140. (13) . Additionally, the Fdomain of the hER was shown to play an important regulatory role in the association of RIP140 with ER and in ER homodimerization (13) . Using the yeast two-hybrid assay, Nishikawa et al. (40) reported that the xenoestrogen BPA can induce an interaction between the ligand-binding domain of rat ER and the receptor-interacting domain of RIP140. They observed BPAinduced activity with a concentration range and ratio similar to maximum estradiol response, as reported in this study. The ratio of RIP140 to ER has been reported to be critical for the coactivator to influence ER transactivation (14, 15, 17) . Therefore, the effect of xenoestrogens on ER-dependent gene transcription could be much greater in cells expressing coactivators than originally anticipated.
In conclusion, the data presented in this report indicate that the environmental estrogens OP, BPA, and o,p'-DDT posses ER agonist activity. These compounds were able to induce the formation of a transcriptionally active hER dimer, whose activity was further enhanced in the presence of the ER coactivator RIP140. OP and BPA appear to activate the ER through interaction at the estradiol binding site. As a result, exposure to OP, BPA, or o,p'-DDT at sufficient concentrations or in the presence of an ER coactivator could have deleterious effect on normal cell function due to the untimely activation of estrogen-regulated genes.
